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Abstract15
We investigate the mantle transition zone beneath the Chile-Argentina flat-subduction16
region by means of P-to-S conversions at mantle discontinuities from teleseismic events17
recorded at 103 seismic stations. From the analysis of receiver functions, we obtain clear18
converted phases from the 410 and 660 discontinuities and we identify a robust precur-19
sory signal to P660s, of negative amplitude, that we name P590s. We observe little fre-20
quency dependence in the amplitude of the P410s converted phase; while the P660s is21
less visible towards higher frequencies. The 410 is on average deeper than 410 km by22
(10±1)km in the higher frequency bands, and it is relatively sharp, being consis-23
tent with a 10% velocity jump over less than 20 km. The observed 660 depth varies with24
frequency; it is deeper by up to (18±2)km for lower frequencies and close to reference25
at higher frequencies, being consistent with a 13% broad velocity gradient over 30-4026
km, probably caused by a composite of multiple phase transitions. The transition zone27
thickness is controlled by the frequency-dependent depth variability of the 660. Our find-28
ings of relative depth, width and velocity jump of the detected discontinuities, combined29
with tomographic images of the mantle transition zone cannot be explained by thermal30
variations alone. Compositional constraints from mineral physics show that a near py-31
rolitic mantle is consistent with the ratio of the estimated velocity jumps. However, the32
negative P590s phase in this region could be signal from the velocity reduction due to33
basalt accumulation at the base of the transition zone.34
1 Introduction35
The upper-mantle has a layered structure characterized by a number of seismic dis-36
continuities which correspond to sharp jumps in seismic wave speed. Their properties37
(discontinuity depths, topography, the sharpness and the size of the velocity and den-38
sity jumps) are of importance, not only in the interest of improving seismic models of39
Earth’s structure, but because their underlying mineral phase transitions give direct in-40
sight into the thermal, dynamic and chemical state of the mantle. The transition zone41
(TZ) separates the upper mantle from the lower mantle and is bounded by two discon-42
tinuities lying at depths around 410 and 660 km, which correspond to increases in seis-43
mic wave speed of 3.4% vS and 2.6% vP at 410 km and of 6.7% vS and 4.7% vP at 66044
km in prem (Dziewonski & Anderson, 1981). These are global features and we will re-45
fer to them as the 410 and 660.46
The seismic velocity profile of the upper mantle and the transition zone can be ex-47
plained to the first-order by a mantle of homogeneous pyrolitic composition (chemically48
equilibrated assemblage of olivine, pyroxene, and garnet with the bulk proportions of 4:2:1,49
(Ringwood, 1991)). The seismic discontinuities at the TZ are primarily related to iso-50
chemical phase transformations in the olivine system (Mg2SiO4-system). At a depth of51
410 km the olivine transforms to wadsleyite (Katsura & Ito, 1989), at 520 km the wad-52
sleyite transforms to ringwoodite and at 660 km ringwoodite dissociates into bridgman-53
ite ((Mg,Fe)-perovskite) and magnesiowustite, also known as the post-spinel transition54
(Ringwood, 1970; Ito & Takahashi, 1989). This picture is supported by mineral physics55
experimental data, predicting that both 410 and 660 phase transitions are expected to56
occur in sharp depth intervals (< 20 km) at pressures that correspond to the depth of57
these discontinuities (Frost, 2003; Litasov & Ohtani, 2005). Such sharp discontinuities58
are also consistent with many seismic observations which predict a prevailing velocity59
increase occurring over a depth range of 10-20 km (Paulssen, 1988; Benz & Vidale, 1993;60
Vidale et al., 1995; J. Collier & Helffrich, 1997; Landes et al., 2006; Schmandt, 2012).61
Temperature anomalies in the mantle move the phase changes to different pressures62
(depths) according to their respective Clapeyron slopes (Bina & Helffrich, 1994). Due63
to the opposite sign in the Clapeyron slopes of the olivine-related phase changes respon-64
sible for the 410 and 660, the depth changes of these discontinuities are anti-correlated65
–2–
manuscript submitted to JGR: Solid Earth
in response to a thermal anomaly. While the 410 becomes shallower in colder regions and66
deeper in hotter ones, the depth changes of the 660 are opposite. As a consequence, in67
an olivine-dominant composition, the TZ becomes thicker near subducted slabs and thin-68
ner beneath high-temperature regions (J. D. Collier & Helffrich, 2001; Helffrich, 2000;69
Lawrence & Shearer, 2006; Vidale & Benz, 1992). The presence of other transforming70
components and variation in composition may introduce further complexities.71
The mineralogical models most commonly used for comparisons to seismic obser-72
vations assume the mantle as a chemical equilibrium assemblage (EA) of major elements,73
consisting of either a homogeneous pyrolitic composition (Ringwood, 1966; Ringwood,74
1991) or a chemical stratification with homogeneous and equilibrated composition in each75
layer (e.g., Anderson & Bass, 1986). Yet EA models are incompatible with the exper-76
imentally measured small chemical diffusivity of mantle materials in the solid-state, which77
implies that over the age of Earth the mantle could hardly become equilibrated (e.g., Xu78
et al., 2008). Therefore, as opposite end-member, the mechanically mixed (MM) man-79
tle model is considered, in which basalt and its depleted residual harzburgite - the two80
fractions of differentiated lithosphere introduced at subduction zones- are stirred by con-81
vection but do not equilibrate over geological timescales (Allègre & Turcotte, 1986). Geo-82
dynamic models suggest MM composition are important to consider for much of the man-83
tle, and degrees of segregation are expected with basalt accumulating at the bottom of84
the mantle (Brandenburg & van Keken, 2007) and potentially also at the bottom of the85
TZ (e.g., Ballmer et al., 2015). Xu et al. (2008) compute the seismic velocities of EA and86
MM mantle according to a self-consistent thermodynamic model developed by Stixrude87
and Lithgow-Bertelloni (2005, 2011) demonstrating that, for identical bulk composition,88
EA and MM have different mineral proportions and therefore different seismic proper-89
ties and seismological attributes of the discontinuities (Xu et al., 2008). Seismic veloc-90
ities and density for the two cases differ mainly at the bottom of the TZ, where they ex-91
hibit a complex structure. For EA models the velocity profiles show high velocity gra-92
dients below 660 km -with increasing width as the basalt fraction increases- due to the93
gradual transformation of garnet to bridgmanite. This feature is not present in the MM94
models, which rather show two sharp features, a large velocity jump at 660 km (due to95
the ringwoodite dissociating) and a small one at 745 km (due to the garnet dissociat-96
ing). The seismic structures around the 660 vary even more when considering temper-97
ature changes in the EA and MM models (Xu et al., 2008). In the EA model the 410 shal-98
lows and reduces in amplitude with increasing basalt, as is also seen in experiments (Katsura99
et al., 2004). In the MM model the 410 does not change depth, but only weakens in am-100
plitude with increasing basalt. Basalt enrichment in both EA and MM models increases101
seismic velocities above the 410 and decreases them within the mantle transition zone.102
In the transition zone, when compared to radial seismological models, the MM provides103
a better match to the seismic velocity profiles than the EA end-member, because the for-104
mer is faster and has a steeper radial velocity gradient (Xu et al., 2008). In addition, if105
a MM model were representative of the mantle seismic velocities, these would be primar-106
ily sensitive to temperature because the predicted MM velocity profiles are nearly inde-107
pendent of bulk composition. Careful analyses of the depth, width and velocity jump(s)108
at each discontinuity can untangle the effects of composition and temperature, which are109
distinct for EA and MM end-member.110
The main objective of this work is investigating the seismic properties of the man-111
tle transition zone discontinuities at the regional scale, beneath an area that includes the112
Chile-Argentina flat subduction, exploiting data collected from past temporary seismic113
deployments. In particular, we estimate depth, magnitude and width of velocity jumps114
at TZ depths that help constrain the characteristics of the transition zone in terms of115
thermal state and/or mineralogical composition. To our knowledge, this is the first study116
of such a kind performed in this region. We particularly explore the frequency-dependency117
of the observations, to assess the width of the discontinuities as an additional constraint.118
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Figure 1. Tectonic setting of the study area (marked with a rectangle), showing volcanoes
since Holocene with gray triangles and seismicity with coloured circles. Contours (black) of
the Nazca slab from the Slab1.0 model of Hayes et al. (2012) and predicted path of the Juan
Fernández hotspot chain (white dashed) at present from Yañéz et al. (2001).
2 Study Area119
The study region (Fig. 1) is located at the western margin of South America (be-120
tween 24◦S and 39◦S) and includes an area known as the Chile-Argentina flat subduc-121
tion zone (between 28◦S and 32◦S). Unlike what happens in most subduction zones, in122
this region the Nazca Plate subducts beneath the South American Plate with an angle123
close to the horizontal in the shallow-most mantle. The flat-slab geometry correlates with124
the inland prolongation of the subducting Juan Fernández Ridge (JFR in Fig. 1) (Yañéz125
et al., 2001) and a hotspot seamount chain on the Nazca Plate. The region is charac-126
terized by the absence of uplift and of volcanism since the Miocene. Towards the South,127
the Nazca Plate has a normal subduction with a dip of about 30◦. The change in sub-128
duction angle is evident in the contours of the Wadati-Benioff zone of the Nazca Plate129
(black contours in Fig. 1 from Hayes et al. (2012)).130
Beneath this region, the tomographic images from global-scale models show high131
velocity anomalies interpreted as subducted lithosphere sinking down into the mantle,132
either entering the TZ and spreading horizontally as a stagnant slab (Fukao & Obayashi,133
2013) or penetrating into the lower mantle (Li et al., 2008) at the eastern edge of our134
study area.135
Different seismic experiments have been conducted in this area mainly to constrain136
the lithospheric structure, which seems to play an important role in the mechanisms that137
explain flat subduction (Gutscher et al., 2000). The exact origin of the flat subduction138
is still under debate, but one potential model shows that a moderately overthickened139
crust provides the additional buoyancy for the Nazca slab to remain flat (Gutscher et140
al., 2000; Gutscher, 2002). In the flat-slab region and towards the South, the analyses141
of the shallow structure using P-wave receiver functions (Gilbert et al., 2006; Gans et142
al., 2011), S-wave receiver functions (Heit et al., 2008), Pn apparent phase velocities (Fromm143
et al., 2004), and gravity modelling (Yañéz et al., 2001) show a consistent presence of144
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Figure 2. a) Distribution of the 103 broad seismic stations across four networks (see legend)
used in this study. b) Worldwide distribution of the 197 teleseismic events used in the analysis
and piercing point distribution for P410s (orange crosses) and P660s (gray crosses) for the 1342
RFs that has passed the quality controls at f2 = 0.08 Hz. Black lines show slab contours (Hayes
et al., 2012).
subduction of overthickened oceanic crust of about 13-20 km thick. Recent increase of145
seismic data have led to high resolution relative-time teleseismic tomography (Portner146
et al., 2017) and shear-wave splitting (Lynner et al., 2017) studies, which find evidence147
that the structure of the flat Nazca slab in this region is quite heterogeneous at upper148
mantle depths, suggesting in particular that there is a hole or tear in the slab.149
The complex tectonic setting has motivated a wealth of seismic experiments in this150
region. The current data coverage makes it an excellent laboratory to explore and quan-151
tify the relative contributions of thermal and compositional heterogeneities to the man-152
tle transition zone discontinuity structure, which is still rather unexplored.153
3 Data and Method154
3.1 Data Selection155
In this study, we combine data available from 103 stations (Fig. 2 a) across four156
two-years experiments: 18 stations from CHARGE (Beck et al., 2000, network code YC);157
43 from SIEMBRA (Beck & Zandt, 2007, network code ZL), 30 from PUDEL (Heit et158
al., 2007, network code 2B) and 12 from ESP (Gilbert, 2008, network code XH). Other159
stations from these experiments were not used in this analysis either due to lack of data160
access or to poor data quality. Through the IRIS Data Management Center, we access161
the waveforms of 964 events of Mw between 5.5 and 7, and from epicentral distances be-162
tween 30◦ and 95◦. We immediately exclude data with a signal-to-noise ratio of the P163
phase on the vertical component (filtered between 0.02-0.08 Hz) of less than 1.4. This164
results in a data set of 9200 event-station pairs.165
3.2 Teleseismic Receiver Functions and Processing166
We use teleseismic Pds phases, i.e. the phases resulting from the direct P wave con-167
verting to an S wave at seismic discontinuity at a depth (denoted by d in Pds). These168
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Figure 3. Example ray-path for a P -to-S conversion at the 410 and 660. The right panel is
an enlargement of the box beneath the station in the left panel.
phases are shown in Fig. 3 for the 410 and 660 discontinuities. Because of their polar-169
ization and their almost vertical incidence, Pds conversions are recorded on the radial170
(R) component of teleseismic earthquakes. They arrive in the coda of the P phase along171
with multiple reflections and scattered waves. The abundance of other phases and the172
weak amplitude of the Pds phases make direct detection in individual seismograms dif-173
ficult. In addition, Pds phases are expected to be coherent with the waveform of the main174
P arrival for conversion at discontinuities which are thinner than one half of the P -wavelength175
(Richards, 1972; Paulssen, 1988; Bostock, 1999). In order to extract them by the wave-176
form similarity, we use deconvolution of the P phase in the vertical component (PZ) from177
the P-wave coda in the radial (PR), which is known as the receiver function technique178
(RF) (Phinney, 1964; Vinnik, 1977; Langston, 1979; Ammon, 1991). Since the teleseis-179
mic P phase approximates the source, the above deconvolution eliminates the source com-180
ponent and isolates the P-to-S conversion peaks from discontinuities beneath the sta-181
tion. Moreover, the differential travel times between P and Pds provide a measure of182
the one-way S travel time between the surface and the discontinuity. Thus, using an ad-183
equate velocity model, relative travel times can be translated to discontinuity depths.184





where the upper bar denotes the complex conjugate. To stabilize the spectral di-187
vision, we use the water-level deconvolution (Clayton & Wiggins, 1976). We apply the188
deconvolution using five different frequency bands, all with lower cut-off frequency at f1 =189
0.02 Hz and higher cut-off frequency at f2 = 0.08, 0.12, 0.2, 0.32 and 0.64 Hz, respec-190
tively. A detailed description of the processing for computing the RFs, and the automatic191
and visual quality control are given in the Text S1. After quality control, we retain 1342192
RFs for f2 = 0.08 Hz, 862 RFs for f2 = 0.12 Hz, and 872 RFs for f2 = 0.2, 0.32, 0.64193
Hz. Fig. 2b shows the piercing point distribution for P410s and P660s for the RFs that194
have passed the quality controls at f2 = 0.08 Hz.195
3.3 Detection of P -to-S Conversions in Stacked RFs196
For signal detection, we use the phase weighted stack (PWS) (Schimmel & Paulssen,197
1997) and the linear stack (LS). The PWS is a non-linear stack which uses the coher-198
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ence of the instantaneous phase as a weight in the linear stack to enhance the signal-to-199
noise ratio (SNR). The stacking is performed with a linear move-out correction:200













where ci is the phase stack, sj refers to a specific relative slowness with respect to202
the P phase, t is relative time with respect to the P phase, ∆i is the epicentral distances203
for RFi, ∆REF is the reference epicentral distance, φk is the instantaneous phase for the204
k-th RF, N is the total number of stacked RFs and the parameter ν controls the weight-205
ing of phase similarity and dissimilarity. The LS is defined with ν = 0 (ci = 1), while206
for the PWS we choose a value of ν = 2. The reference distance, ∆REF , of 50
◦ is cho-207
sen for all the slant stacks to account for the distribution of epicentral distances which208
are mainly concentrated between 35◦ and 65◦.209
Signal identification and detection using stacks of RFs is performed in three steps:210
(1) RFs are stacked in the relative time-slowness domain (∆t,∆s), as shown in Fig. S2211
a. The slowness value (∆sobs) for each coherently stacked signal is saved to be used in212
the next step. (2) The depth stacks (PWS and LS) with linear move-out correction are213
made using the slowness value obtained for each phase in step 1. The resulting trace for214
the PWS is shown in Fig. S2 b. (3) To test the robustness of potential signals, the 95215
per cent confidence criteria is used. A maximum in the stacked RF obtained in step 2216
is considered a signal detection if the mean stacked amplitude is larger than twice the217
standard error at that time. A more detailed description of signal detection and iden-218
tification can be found in Text S2.219
3.4 Common Conversion Point Stacking220
The averaged properties of the discontinuities in the area are obtained by stack-221
ing all receiver functions which passed the quality control (see 4.1) and lateral variations222
of the detected discontinuities are investigated through a common conversion point (CCP)223
stacking approach. To apply the CCP stack, we first group the RFs into bins of com-224
mon conversion point areas for two different depth: 410 km and 660 km -which corre-225
spond to the global depth of our target discontinuities. The piercing point density is vari-226
able over the entire study region. This implies a variable discontinuity visibility, which227
we account for using adaptive bin sizes depending on the local number of piercing points.228
The bin radii that we choose are on the order of the Fresnel radius of P410s and P660s229
at the highest frequency considered in this study (rP410sFresnel ∼ 0.7◦ and rP660sFresnel ∼ 0.8◦230
at 0.2 Hz). The bins are defined as circular caps of radius r1 = 0.5
◦ equally spaced ev-231
ery 0.7◦. If the number of RFs in the bin is less than 20, we increase the bin radius to232
r2 = 1.5r1, or to r3 = 2r1 if numbers remain low. The variable bin sizes and their fixed233
distances allow overlapping of RFs between adjacent stacks. Bins at r3 with still less than234
10 RFs are not considered in the analysis; this results in about 160 stacks for P410s and235
180 for P660s across the study area. Fig. S3 shows an example of bin size distribution236
(top panel) and the corresponding number of RFs inside each bin (bottom panel) for each237
phase and for f2 = 0.08 Hz. Small differences in the data coverage are observed for the238
higher frequency bands.239
For each bin and conversion depth, we first slant stack the RFs and perform a vi-240
sual quality control on individual stacks (see Text S3). We estimate relative slowness from241
the stacks that pass the quality check to compute the stacking with move-out correction242
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using the correct slowness at which each phase is detected. Finally, we measure relative243
travel time values and standard errors from the PWS at all frequencies.244
3.5 Depth Conversion245
To constrain absolute depth of 410 and 660, we need regional absolute vP and vS246
models for the study area down to the base of the TZ. Regional scale relative velocity247
models, like the model in Portner et al. (2017), are difficult to use as the reference model248
and the method can lead to artefacts (Bastow, 2012). Different 3D global tomographic249
models are available consistently showing average high P- and S-wave velocity anoma-250
lies in the upper-mantle and transition zone below the study area (e.g., Li et al., 2008;251
Kustowski et al., 2008; Ritsema et al., 2011; Obayashi et al., 2013).252
We chose to compute the average 1D P-wave velocity profiles for each CCP bin by253
modifying ak135 reference model (Kennett, 1991) to include the P-velocity anomalies,254
δvP , of the tomographic model MIT08 (Li et al., 2008). The authors, by means of noise-255
less synthetic tests, estimate generally less than 70% amplitude recovery in the upper256
mantle for their tomographic model and an overall variable resolution, partly due to the257
damping applied in the inversion procedure to suppress the effects of noise in the data258
(Li et al., 2008). In order to account for possible resolution overestimation given by noise-259
less synthetic tests, we assume that the amplitudes of anomalies recovered by the inver-260
sion could be about 50% than those of unknown real anomalies. Therefore, we compute261
the corrections using MIT08 anomalies multiplied by a factor of 2. This factor choice,262
while being arbitrary to a certain extent, likely provides an upper bound for time cor-263
rections and puts the average P660s depth in our CCP stack at around 660 km. S-wave264
velocity profiles are derived from the δvp values employing a constant factor δvS/δvP =265
1.5; a factor typically ranging between 1.5 and 2 in the upper mantle (Ritsema & Van Hei-266
jst, 2002).267
We use TauP tool-kit (Crotwell et al., 1999) to create the modified velocity mod-268
els for each bin. The corresponding time corrections are computed with respect to ak135269
and are shown in Fig. S5. For our dataset of detected phases, these corrections range270
between -1 s to 1.9 s for P410s and from -1.4 s to 2.8 s for P660s. If we did not mod-271
ify MITP08 anomalies, these values would have range between -0.5 s and 1 s for P410s272
and from -0,7 s and 1.4 s for P660s. Finally, the corrected time values are converted to273
depth using the reference velocity model ak135 for a reference distance of 50◦.274
3.6 Thickness of Discontinuities275
Seismically, the discontinuities are often approximated as linear velocity gradients,276
which act as low-pass filters to converted waves, attenuating the high frequency energy.277
The high corner frequency, f , of these filters is related to the thickness, ∆z, of the ve-278








where λP is the wavelength of the incident P -wave and vP is the P -wave velocity at the280
corresponding discontinuity depth. This inequality (4) indicates that Pds phases are sen-281
sitive to linear velocity gradients occurring in a depth interval thinner than half the wave-282
length of the incident P -wave.283
Therefore, to constrain the discontinuity thickness, one needs to find the highest284
frequency fmax for which significant P -wave energy is converted. This rule of thumb has285
been used before to constrain the thickness of mantle discontinuities (e.g., Paulssen, 1988;286
van der Meijde et al., 2003; Jenkins et al., 2017). We estimate this frequency value from287
the LS of the entire dataset by analysing the resulting amplitudes of converted phases288
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across the different frequency bands that we use to compute the RFs. For comparison,289
we compute synthetic seismograms for velocity gradients of different thickness using re-290
flectivity synthetics (Fuchs & Müller, 1971) and compute RFs and stacks in different fre-291
quency bands similar to the real dataset.292
Table 1. Estimated slowness values.1
f2 ∆sP410s ∆tP410s ∆sP590s ∆tP590s ∆sP660s ∆tP660s
(Hz) (s/deg) (s) (s/deg) (s) (s/deg) (s)
0.08 -0.08 46.6 -0.26 63.9 -0.16 71.8
0.12 -0.12 46.1 -0.14 64.9 -0.18 70.4
0.2 -0.1 46.2 -0.1 63.5 -0.18 70.7
0.32 -0.16 46.1 -0.08 62.8 -0.14 70.4
0.64 -0.16 46.0 -0.12 62.7 -0.14 70.7
1 Extracted from the PWS in the relative time slowness domain
(Fig. 4) and corresponding relative travel time.
4 Results293
4.1 Stacking the Entire Dataset294
We first obtain the average properties of the discontinuities in the area by stack-295
ing all receiver functions for different frequency bands (see Fig. 4). Signals are clearer296
in the PWSs than in the LSs. Nevertheless, both types of stacks show coherently stacked297
signals at relative travel times and slownesses which coincide with the theoretical val-298
ues in ak135 for the converted phases P410s (45.2 s, -0.1 s/◦) and P660s (70.4 s, -0.21299
s/◦). The slowness values observed for each frequency band are summarized in Table 1.300
At the lower frequencies (f2 = 0.08, 0.12, 0.2 Hz) a coherently stacked signal is observed301
arriving before P660s, it is detected with a negative slowness of -0.26 s/◦ at about 64302
s (detection at f2 = 0.08 Hz) and a negative amplitude (i.e. opposite sign with respect303
to P phase). Its slowness suggests that this signal corresponds to a converted phase (a304
multiple would arrive with positive relative slowness) from a heterogeneity/discontinuity305
at a depth of about 590 km. Its polarity suggests that the conversion occurs when the306
P phase passes from a low velocity region to a higher velocity region; i.e., a velocity de-307
crease with increasing depth. Hereafter, we will call this signal P590s.308
We compute move-out corrected stacks from Eq. 2 using the slowness values in Ta-309
ble 1 for each coherently stacked signal of negative slowness (i.e. P410s, P590s, and P660s).310
These stacks are shown in Fig. 5 showing the positive P410s and P660s, and negative311
P590s. The amplitude of the LS and PWS are normalized in the time interval 30-85 s312
to allow for a direct visual comparison between both stacking techniques. Again, the fig-313
ure shows that the LS is overall noisier than the PWS. This difference is even more re-314
markable for the highest frequencies, where the large-amplitude high frequency noise is315
less attenuated with the LS. Additionally, the standard error of the PWS is larger than316
that of the LS due to the larger sensitivity of the PWS to small variations within the317
dataset. The estimated relative travel times at all frequencies and their corresponding318
standard errors are summarized in Table 2.319
The stacks of Fig. 4 also show a coherently stacked signal at (23.7± 0.1) s with zero320
relative slowness. This signal is only clearly observed at the lower frequency bands. A321
potential P210s and crustal/lithospheric multiples (PSds, PPds, PSdp, where d is the322
Moho or any other lithospheric discontinuity) are expected to arrive at similar relative323
–9–
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Figure 4. Stacks of the entire data set in the relative time-slowness domain using the linear
stack (LS, left panel) and the phase weighted stack (PWS, right panel) for ∆REF =50
◦. Each
row corresponds to a different frequency band with lower corner frequency at 0.02 Hz and upper
corner frequency, from top to bottom, at 0.08 Hz (1342 RFs ), 0.12 Hz (862 RFs), 0.2 Hz (872
RFs), 0.32 Hz (872 RFs), 0.64 Hz (872 RFs). Black crosses correspond to theoretical relative
slowness and travel time for P210s, P410s, P510s and P660s in a modified ak135 velocity model
to account for the ’510’ discontinuity.
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travel times with slowness close to the slowness of the P phase. A more suitable approach324
to separate a potential P210s from multiples would be using S receiver functions (e.g.,325
Farra & Vinnik, 2000), which have the advantage of being free of S-wave multiple reflec-326
tions (e.g., Yuan et al., 2006; Vinnik et al., 2009). However, this analysis is beyond the327
scope of this article.328
Table 2. Estimated relative travel time values and relative amplitudes of P-to-S conver-
sions.2
f2 ∆tP410s P410s/P ∆tP590s P590s/P ∆tP660s P660s/P TZT
(Hz) (s) (%) (s) (%) (s) (%) (s)
0.08 46.7 ± 0.1 6.9 ± 0.2 64.0 ± 0.1 6.3 ± 0.2 71.5 ± 0.2 7.3 ± 0.2 24.8 ± 0.2
0.12 46.1 ± 0.1 6.1 ± 0.3 64.9 ± 0.4 3.1 ± 0.2 70.5 ± 0.2 4.1 ± 0.3 24.4 ± 0.2
0.2 46.1 ± 0.1 4.4 ± 0.3 63.6 ± 0.2 2.6 ± 0.2 70.8 ± 0.2 3.2 ± 0.2 24.7 ± 0.2
0.32 46.1 ± 0.1 3.6 ± 0.3 62.8 ± 0.1 2.0 ± 0.2 70.4 ± 0.1 2.2 ± 0.2 24.3 ± 0.1
0.64 45.8 ± 0.1 2.4 ± 0.1 62.7 ± 0.1 1.4 ± 0.1 69.9 ± 0.1 1.3 ± 0.3 24.1 ± 0.1
2 Relative travel times extracted from the PWS with move-out correction using the estimated
slowness values in Table 1 (stacks in Fig. 5). Amplitudes of Pds phases extracted from the LS
and expressed as a percentage of the amplitude of the P phase in the vertical component.
4.2 Detection of Converted Phases from Individual Bins329
To investigate lateral variations of the detected discontinuities a CCP stack is ap-330
plied for three frequency bands with f2 = 0.08, 0.12, and 0.2 Hz. For these corner fre-331
quencies all the converted phases are clearly visible in the global stacks of the study area.332
The number of detections for each phase and frequency band are summarized in Table 3,333
taking only into account good quality stacks for which the converted signals are detected334
with negative slowness (including three detections of P410s at f2 = 0.08 Hz with zero335
slowness value). The distribution of detections at each frequency band for each phase336
is shown in Fig. 6 a to c. The P410s phase shows the most stable mean travel time value337
across the different frequency bands, differing by less than 0.2 s. The remaining phases338
show mean values across the different frequency bands which differ as much as 3.1 s for339
P590s, and 1 s for P660s. The histograms of P590s suggest that the arrival time of this340
phase is frequency dependent, larger relative times are obtained for larger values of f2.341
4.3 Average Depth of 410 and 660342
The absolute average depth of 410 and 660 are obtained from the stack of the en-343
tire dataset. The estimated depth values for each frequency band are summarized in Ta-344
ble 4. The table shows the average depth of 410 and 660 computed from a modified ak135345
velocity model that includes the velocity anomalies extracted from MIT08 (Li et al., 2008)346
multiplied by a factor of 2. We also include the average depth of 410 and 660 when con-347
sidering the anomalies without amplification. This is done to show that the average depths348
do not change substantially for velocity anomalies amplified by factors between 1 and349
2. True average depth of 410 and 660 in the study area are probably somewhere in be-350
tween the two extremes. In what follows, we consider the observations using the upper351
limit of the amplified depth corrections.352
In general, we observe that the 410 is deeper than the reference value at 410 km.353
The discontinuity has a maximum average depth of (428±1)km at the lowest frequency354
band (or (425±1)km depending on the velocity model used to compute time355
corrections) and it is observed more shallow (423±1)km to (420±1)km for the rest356
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Figure 5. Stacks of the entire data set using the estimated slowness values in Table 1 for
phases P410s (left panel) and P660s (rigth panel). Gray continuous traces correspond to the LS
and black continuous traces, to the PWS. Each row corresponds to a different frequency band
with lower frequency at 0.02 Hz and upper frequency, from top to bottom, at 0.08 Hz (1342
RFs), 0.12 Hz (862 RFs), 0.2 Hz (872 RFs), 0.32 Hz (872 RFs), 0.64 Hz (872 RFs). The dis-
continuous traces correspond to the 95% confidence interval. The amplitudes of the stacks are
normalized to one using the maximum amplitude in the time interval 30-85 s.
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Table 3. Number of detections.3
Q 0.08 Hz 0.12 Hz 0.2 Hz
P410s 1 36 27 31
2 14 16 21
total 50 43 52
P590s 1 28 9 9
2 5 8 0
total 33 17 9
P660s 1 45 19 22
2 14 20 8
total 59 39 30
3 Phases detected in the CCP stacks in
the relative time and slowness domain. Q
stands for quality of detection (1 or 2).
Table 4. Estimated averaged depths in five different frequency bands with lower corner fre-
quency of 0.02 Hz.
f2 (Hz) 410 (km) 660 (km)
4 410 (km) 660 (km) 5 TZT (km)
0.08 425 ± 1 675 ± 2 428 ± 1 678 ± 2 250 ± 2
0.12 420 ± 1 665 ± 2 423 ± 1 668 ± 2 245 ± 2
0.2 420 ± 1 668 ± 2 423 ± 1 671 ± 2 248 ± 2
0.32 420 ± 1 664 ± 1 423 ± 1 667 ± 1 244 ± 1
0.64 417 ± 1 659 ± 1 420 ± 1 662 ± 1 242 ± 1
4 Values obtained after time corrections of +0.25 s for P410s and +0.35 s for
P660s, computed from a modified ak135 velocity model that includes velocity
anomalies extracted from MIT08 (Li et al., 2008).
5 Values obtained after time corrections of +0.5 s for P410s and +0.7 s for
P660s, considering the anomalies in MIT08 multiplied by a factor of 2.
of the frequency bands. The depth difference between the lowest and highest frequency357
band for the 410 is (8±1)km. The 660 depth is more variable across different frequency358
bands and it becomes shallower with increasing frequency. It is deeper than the refer-359
ence value at 660 km for frequencies lower than 0.32 Hz and is at the reference depth360
for 0.64 Hz. The depth difference between the lowest and highest frequency band for the361
660 is (16±2)km.362
4.4 Topography of 410 and 660363
We construct the 410 and 660 topographic maps by applying the nearest-neighbour364
interpolation algorithm from the GMT plotting tool (Wessel & Smith, 1991) to the dis-365
continuity depth values of CCP bins (see Fig. 7). This smoothing algorithm assigns to366
each node an average depth value which is computed as a weighted mean of the near-367
est point from each sector inside the search disk with a radius of 1◦.368
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Figure 6. Number of detections of Pds phases. a) Histograms for the lowest frequency band
(0.02-0.08 Hz). Vertical solid lines correspond to mean values of relative travel time for the de-
tected phases of: 45.5±1.5 s for P410s, 64.3±1.1 s for P590s, 71.3±1.3 s for P660s. The vertical
red dashed lines correspond to theoretical values in ak135 for ∆REF =50
◦ (45.2 for P410s and
70.4 for P660s). b) Histograms for the middle frequency band (0.02-0.12 Hz) with mean values
of relative travel time of: 45.7±1.3 s for P410s, 65.7±1 s for P590s, 70.2±1.5 s for P660s. c)
Histograms for the highest frequency band (0.02-0.2 Hz) with mean values of relative travel time
of: 45.7±0.9 s for P410s, 67.4±0.4 s for P590s, 70.9±0.9 s for P660s.
The 410 is consistently deeper everywhere for the three frequency bands. In gen-369
eral, for the same bin, depth values between frequency bands vary between 1 km and 20370
km. We also observe some isolated bins with significantly large depth variation (of about371
50-60 km) between frequency bands -e.g., the northernmost bins in the 410 maps near372
lat/long=25◦S/68◦W. We attribute these strong variations to poor data coverage in these373
regions potentially combined with small-scale heterogeneities that alter the arrival times374
of waves differently at each frequency band. The smoothest topography for the 410 is375
obtained for the higher frequency band (f2 = 0.2 Hz) having the highest vertical res-376
olution. For this frequency band, the 410 has a mean depth of 419±2 km. At the low-377
est frequency bands mean depth values are similar: 417 ± 2 km for f2 = 0.08 Hz and378
419 ± 2 km for f2 = 0.12 Hz. As expected, these mean values are in good agreement379
with the averages obtained by stacking the entire dataset.380
For the 660 it is more difficult to identify a clear trend. The 660 maps in Fig. 7 shows381
less resemblance among the different frequency bands. This is mainly because there are382
less detections of P660s at higher frequencies. Bins with detections of P660s in at least383
two frequency bands show depth variations between 1 km and 25 km across the differ-384
ent frequency bands. There are some isolated bins with depth variations on the order385
of 30-40 km -e.g., lat/lon=29◦S/71◦W and 27◦S/64.5◦W. As observed for the global stacks386
for the study area, the mean depth value of 660 is variable across the different frequency387
bands: 676± 2 km for f2 = 0.08 Hz, 665± 3 km for f2 = 0.12 Hz and 670± 2 km for388
f2 = 0.2 Hz.389
4.5 Transition Zone Thickness390
To minimize the errors in the 410 and 660 depth due to unaccounted upper-mantle391
and crustal structure, we compute the thickness of the TZ (TZT) by subtracting the 410392
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Figure 7. Absolute discontinuity depths for the 410 and 660 and transition zone thickness
(TZT) map. Results obtained from the analysis in three frequency bands: 0.02-0.08 Hz (top),
0.02-0.12 Hz (middle) and 0.02-0.2 Hz (bottom). Slab contours from (Hayes et al., 2012) are
given for reference. The circles show the location of the CCP bins which are used in the inter-
polation -the position of each bin is obtained from averaging the latitude and longitude of the
piercing points that fall within the bin.
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Figure 8. Top: Relative Pds/P amplitude variation across several frequency bands (with
upper corner frequencies at 0.08,0.12, 0.2, 0.32 and 0.64 Hz) for signals detected in the global
stack and identified as P-to-S conversions at depth of 410 km (black), 660 km (blue) and 590 km
(red). Amplitude values are obtained from the LS of all the RFs that have passed the quality
controls. Middle: Observed P410s amplitude (solid line), amplitude without attenuation (dot-
ted line) and amplitude corrected for topography effect (dashed line). Bottom: Observed P660s
amplitude (solid line), amplitude without attenuation (dotted line) and amplitude corrected for
topography effect (dashed line). Error bars correspond to one standard error.
from the 660 depths (h660−h410). Differential travel times (tP660s−tP410s) are mainly393
sensitive to discontinuity topography and 3-D heterogeneities within the TZ because both394
phases, P410s and P660s, are nearly identically affected by lateral variations in the Earth’s395
structure above 410 km. The velocity anomalies within the TZ are expected and imaged396
to have smaller amplitudes than in the uppermost part of the mantle. Therefore, the anal-397
ysis of the TZT yields a more reliable result than the individual 410 and 660 depths.398
Table 4 summarizes the average values of TZT in all the frequency bands for the399
stack of the entire dataset, showing that the TZ becomes thinner for almost all frequen-400
cies higher than 0.08 Hz. This happens because the 660 becomes shallower for increas-401
ing frequency and the 410 is deeper for all frequencies. Therefore, the TZT is controlled402
by the depth variability of the 660 and it is not possible to determine a representative403
value of TZT for this area. The TZT map in Fig. 7 is dominated by TZT values smaller404
than the reference value of 250 km (red color dominates). The TZ is thinner beneath the405
flat slab by 241 ± 1 km and 240 ± 1 km for f2 = 0.08, 0.12 Hz, respectively, and by406
245± 1 km for f2 = 0.2 Hz.407
4.6 Frequency Dependent Visibility of TZ Discontinuities408
We extract the relative amplitude values of each robustly detected signal (P410s,409
P590s, P660s) from the LS of the entire dataset for all the frequency bands. The am-410
plitude values w.r.t to the main P phase are indicated in Table 2 and plotted against fre-411
quency in the top panel of Fig. 8. Phases P590s and P660s show an abrupt amplitude412
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drop of 50% and 57%, respectively, from 0.08 Hz to 0.12 Hz, while for the P410s the trend413
decreases very smoothly as the frequency increases.414
Ideally, one would expect a constant amplitude of converted phases across any fre-415
quency band for sharp discontinuities. However, the presence of noise, misalignment of416
converted phases at higher frequencies (due to topography of the discontinuities or at417
the Earth’s surface, the presence of scatterers, and the accuracy of 3D velocity correc-418
tions), attenuation and the assumption of constant slowness, would result in a smooth419
loss of amplitude at higher frequencies. We perform a synthetic test to quantify the ef-420
fect that the topography of discontinuities have in the amplitudes of stacked RFs at dif-421
ferent frequencies. We compute synthetic seismograms (for epicentral distances between422
30 and 70 degrees) by changing the depth of the 410 and 660 with the depth values we423
obtain in the CCP stacks (in the frequency band 0.02-0.12 Hz). We correct the observed424
amplitudes for the suspected effects of observed topography to interpret the discontinu-425
ities. The idea is to obtain a set of synthetic seismograms with P410s and P660s phases426
arriving at slightly different times, as in the real dataset. We stack the synthetic RFs427
and compare the amplitudes of P410s and P660s against the corresponding amplitudes428
when we consider no topography on the depth of 410 and 660 in prem. We also estimate429
the frequency dependent effect that attenuation has on the amplitudes of P410s and P660s.430
Our synthetic seismograms are typically computed with a model with low Qµ values in431
the upper mantle (Q structure of QL6 (Durek & Ekström, 1996)). Therefore, we com-432
pare the amplitudes of P410s and P660s in our synthetics against the corresponding am-433
plitudes when we consider no attenuation (large Qµ values). The amplitudes of P410s434
and P660s without attenuation and with topography effect removed are shown in Fig.435
8 middle and bottom panel.436
We consider that the smooth decrease of P410s amplitude with frequency indicates437
a relatively sharp velocity gradient, while the abrupt amplitude drop of P590s and P660s438
indicates broader velocity gradients. We estimate that the 410 converts P -waves with439
energy up to at least 0.32-0.64 Hz and that the 590 and 660, up to 0.12-0.2 Hz. Using440
Ineq. 4 and taking a P wave velocity -from prem- of about 9.1 km/s at the 410, 10 km/s441
at 590 km, and 10.8 km/s at the 660, suggests waves are being converted at discontinu-442
ities whose thicknesses are at most 7-14 km, 25-42 km and 27-45 km, respectively.443
4.7 Comparison with Synthetic Data444
4.7.1 Constraints on Velocity Contrast445
The amplitude of a converted seismic phases is sensitive to velocity and density changes446
across a discontinuity. Pds phases are primarily sensitive to S-wave velocity jump (Ammon,447
1991; Juliá, 2007). Since the velocity gradients act as low-pass filters to converted waves448
attenuating the high frequency energy, the amplitude of the conversions observed with449
low-frequency data are best used to infer the S-wave velocity contrast across the discon-450
tinuity. Therefore, assuming a range of values for the velocity contrast across the dis-451
continuities 410, 590 and 660, we compare the theoretical amplitude of converted phases452
to the estimated amplitudes in order to obtain a rough assessment of the velocity jump453
across each discontinuity.454
We use the elementary formulas 5.40 in Aki and Richards (2002) to compute the455
conversion coefficient (i.e., relative amplitude of Pds phase to P phase) for theoretical456
velocity contrasts for a range of slowness values of the incident P-wave. The slowness457
varies between 8.6 s/◦ and 6.5 s/◦ to account for the epicentral distance distribution of458
our data (mainly between 35◦ and 65◦). We use the values of vP , vS and ρ in prem at459
400 and 670 km, which are the depths of the 410 and 660 in this reference model. The460
vS jumps across the 410 and 660 in prem are 3.4% and 6.7%, respectively. These val-461
ues result in a conversion coefficient of 2-3% of the incident energy at the 410, and of462
5-6% at the 660. Our estimated amplitudes for P410s and P660s at the lowest frequency463
–17–
manuscript submitted to JGR: Solid Earth
band -after removing the effects of discontinuity’s topography and attenuation because464
the formulas 5.40 in Aki and Richards (2002) do not include these effects- are (7.8±0.2)%465
and (11.6±0.3)% of the vertical P-wave amplitude, respectively. Therefore, we compute466
the conversion coefficients for larger shear velocity jumps and find that our estimated467
amplitudes are consistent with a vS jump of (11.1±0.1)% across the 410 and, of (14.1±0.4)%468
across the 660. The velocity contrasts at the 410 and the 660 are larger than the veloc-469
ity jumps in the 1-D reference models (prem, ak135 ). The estimated amplitude of P590s470
of (7.2±0.2)% of the incident P phase (after removing the effect of attenuation) is con-471
sistent with a decrease in vS of (8.8±0.2)%.472
Fig. S6 shows the amplitude of P410s and P660s (without adjustments) in indi-473
vidual stacks as a function of RF number in each CCP bin. Individual bins with more474
than 20 RFs show amplitudes of (8.5±2)% for the 410 and (9.7±2)% for the 660, while475
those with 10-20 RFs show more anomalous values. The figure also shows that as the476
number of RF in individual bins increases, the amplitude of converted phases in indi-477
vidual stacks are closer to the amplitudes obtained in the global stacks after removing478
the effect of discontinuity topography. The amplitude in CCP bins can be affected by479
focussing effects due to the presence of heterogeneities. However, the fluctuations in our480
observed amplitudes is likely related to the small areas in the CCP stacks and the vari-481
able number of RFs inside each bin. We expect that our obtained amplitude values in482
the global stacks across the region are more robust to determine average velocity jumps.483
4.7.2 Synthetic Velocity Gradients484
We compute synthetic seismograms for prem using the reflectivity method (Fuchs485
& Müller, 1971) with discontinuity widths of 0, 20 and 30 km. We also compute synthet-486
ics for a modified prem model with shear wave velocity jumps of 10% at the 410 and 13%487
at the 660 with discontinuity widths of 0, 20 km for the 410 and of 0, 30 and 40 km for488
the 660 (Fig. 9). For the 660, we consider two different composite velocity gradients: (i)489
a 13% velocity jump formed by a linear vS gradient of 6.5% and 10 km thick followed490
by a linear vS gradient of 6.5% and 20 km thick (and 30 km thick); (ii) a 13% velocity491
jump formed by a linear vS gradient of 11% and 10 km thick followed by a linear vS gra-492
dient of 2% and 20 km thick (and 30 km thick). Although not shown in the figure, we493
also consider a linear vS gradient of 13% and 30 km thick (and 40 km thick) which re-494
sults in amplitude values very similar to the ones for composite velocity gradient (i). How-495
ever, the composite velocity gradients are the only ones that show earlier arrival times496
for higher frequencies, which is what we observe for the real signal. Since P -to-S con-497
versions are mainly sensitive to shear wave velocity jumps, P wave velocity and density498
in the synthetics are unmodified. Although, the analysis with real data shows a nega-499
tive amplitude signal before P660s probably related to a decrease in velocity with depth,500
for simplicity we don’t include a negative velocity jump in this exploration. Fig. 9 shows501
both the results of the frequency dependence analysis of the real data (from the regional502
analysis in 4.1), and the results of the synthetic stacks for P410s and P660s. We also503
compute the mean value of the residuals as the relative amplitude in the model504
minus the observed relative amplitude (< r > in the legend of Fig. 9).505
Both the synthetic P410s for the velocity jump of 3.4% (green lines in Fig. 9 a and506
b) and the one for a 10% velocity jump (red lines in Fig. 9 a and b) show a decrease in507
amplitude for increasing frequency, which is particularly noticeable for the broad tran-508
sitions (dashed red and green lines in Fig. 9 b). In good agreement with the width es-509
timation in 4.6, the observed P410s-amplitude values are closer to the model with 10%510
vS jump and 20 km discontinuity width, which also shows the smallest mean resid-511
ual.512
The observed amplitude of P660s is better approximated with the composite ve-513
locity gradient (i), formed by two linear velocity gradients, the shallower of 6.5% and 10514
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Vs 3.4 %  (0 km); < r > =(3 1)%
Vs 3.4 % 20 km; < r > =(3 1)%
Vs 10 % (0 km); < r > =(0.9 0.6)%





































d P660s obs (corrected)
Vs 6.7 % (0 km); < r > =(2 2)%
Vs 6.7 % (30 km); < r > =(3 1)%
Vs 13 % (0 km); < r > =(2 1)%
Vs 6.5 % + 6.5 % (10 km + 20 km); < r > =(-0.2 0.8)%
Vs 6.5 % + 6.5 % (10 km + 30 km); < r > =(-0.6 0.7)%
Vs 11 % + 2 % (10 km + 20 km); < r > =(0.7 0.7)%
Vs 11 % + 2 % (10 km + 30 km); < r > =(0.7 0.7)%
Figure 9. Amplitudes of P-to-S converted phases as a function of frequency for synthetic
cases compared to observed values (black solid) from the regional stack -with the topography
effect removed (attenuation is included in the reflectivity method that we use). Shear wave ve-
locities for the synthetics are plotted in a) for 410. The models represent a 3.4% velocity jump
with a width of 0 km (green solid) and 20 km (green dashed), and a 10% velocity jump of 0 km
(red solid) and 20 km (red dashed). Shear wave velocities for the 660 are plotted in c). The mod-
els represent a 6.7% velocity jump with a width of 0 km (green solid), 30 km (green dashed), a
13% velocity jump with a width of 0 km (red solid), a non-linear gradient composed of a velocity
jump of 6.5% with a width of 10 km followed by a 6.5% velocity jump with a width of 20 km
(red dashed), the same jumps for widths of 10 km and 30 km (red dotted), and a non-linear gra-
dient composed of a 11% velocity jump with a width of 10 km followed by a 2.0% velocity jump
with a width of 20 km (blue solid) and the same jumps for widths of 10 km and 30 km, respec-
tively (blue dashed). The Pds phase amplitude dependence as a function of frequency is shown
in b) for the 410 and in d) for the 660. Error bars correspond to two times the standard
error. <r> value in the legend corresponds to the mean value of residuals (model -
observations).
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km thick and the deeper of 6.5% and 20 km (red-dashed lines in Fig. 9 d), which shows515
the smallest mean residual. There are probably other similar combinations of gra-516
dients that would also fit our observations. In this setting, the discontinuity depth at high517
frequencies would appear to be at the top of the discontinuity, and at lower frequencies,518
it may appear displaced downward on account of the time lag due to the longer inter-519
action time with the gradient (e.g., Helffrich & Bina, 1994)520
5 Discussion521
5.1 Summary of Results522
Beneath the study area, we obtain clear detections of converted phases at the 410523
and 660 discontinuities for all frequency bands investigated. We also get robust obser-524
vations of a precursory signal to P660s of negative amplitude, with absolute amplitude525
comparable to that of the P660s phase: we name it P590s in relation to the depth that526
a discontinuity responsible for this signal would have.527
The 410 is on average deeper than its reference depth –at 410 km– and the results528
of the frequency analysis –smooth decrease of P410s’s amplitude with frequency– sug-529
gest that the 410 is a sharp discontinuity. From the analysis of synthetic RFs, the am-530
plitude of P410s is consistent with a 10% velocity jump over less than 20 km.531
The 660 depth varies with frequency; it is deeper by 18±2 km for lower frequen-532
cies and close to reference –at 660 km– for higher frequencies. The results of the frequency533
analysis –abrupt amplitude drop of P660s between corner frequencies 0.08 Hz and 0.12534
Hz– suggest that the 660 beneath the study area is a broad discontinuity. From the anal-535
ysis of synthetic RFs, the amplitude analysis of P660s is consistent with a 13% compos-536
ite velocity gradient, formed by two velocity jumps of similar magnitudes and different537
widths; the shallower vS jump is sharper than the deeper one.538
The variable depth of the 660 makes it difficult to determine a representative value539
of TZT in this area. However, taking only into account the depth values estimated from540
the frequency bands normally used in RFs studies of the TZ (f2 = 0.12, 0.2, 0.3 Hz),541
the average TZT is slightly and consistently thinner than the reference value in ak135542
beneath this flat-slab region.543
5.2 Thermal and compositional constraints from mineral physics544
Fig. 10 shows theoretical values of relative depth (dh), thickness (depth interval545
of velocity gradient) and vS jumps for the 410 and 660 discontinuities extracted from the546
seismological properties of a mantle comprised of an equilibrium assemblage (EA) of basalt547
and harzburgite (Xu et al., 2008; Stixrude & Lithgow-Bertelloni, 2011) as function of tem-548
perature. The same figure for a mechanical mixture (MM) model is shown in Fig. S7.549
The values of the three parameters (dh, thickness and vS jumps) were extracted from550
the velocity profiles (for each composition and temperature) by visually picking the steep-551
est gradients from the velocity profiles. The temperature axis in Fig. 10 (and Fig. S7)552
corresponds to surface potential temperature (temperature of a given portion of the man-553
tle if it were adiabatically decompressed to the surface of the Earth).554
If we consider the estimated depth of the TZ discontinuities for the ve-555
locity model that includes MIT08 anomalies without amplification (gray lines556
in Fig. 10 and Fig. S7), the relative depth of the 410 corresponds to a potential tem-557
perature of about 1725±10 K for the EA pyrolitic model in Fig. 10 a (1685±10K for558
the MM model in Fig. S7 a). The relative depth of the 660 corresponds to a potential559
temperature of 1585±10 K for the EA pyrolitic model in Fig. 10 d (1565±25 K for the560
MM model in Fig. S7 d). The relative depths could be interpreted as the top of the TZ561
being affected by a hot anomaly and the bottom by a cold one, with a relative temper-562
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Figure 10. Results from the regional analysis (dashed lines and gray-solid lines) against
mineral physics models (EA). Top: a) relative depth (bottom of discontinuity) for the velocity
model that includes MIT08 anomalies (gray lines) and for the one that includes the anomalies
multiplied by a factor of two (dashed-lines), b) thickness, and c) velocity jumps of the 410 dis-
continuity for different potential temperatures and basalt fractions, 0% (red, pure Harzburgite),
18% (black, Pyrolitic), and 40%. Bottom: Same parameters in d), e) and f) for the 660. Black
dotted-vertical lines are observed values. For potential temperatures lower than 1400 K, the
660’s behaviour in the three parameters considered is less clear due to the presence of olivine-
and garnet-related phase transitions. The thickness of the gray and black-dashed vertical
lines in a and d corresponds to the standard error of the depth values.
ature difference over 140±14 K in the EA model (120±27 K in MM). If we consider563
the estimated depth of the TZ discontinuities for the velocity model that in-564
cludes MIT08 anomalies multiplied by a factor of two (black dashed lines in565
Fig. 10 and Fig. S7), the temperature difference inside the TZ is even larger.566
In global tomographic models, the TZ is indeed dominated by high velocity anomalies567
interpreted as a stagnating slab (e.g Fukao & Obayashi, 2013), consistently with the ob-568
servation of the depressed 660. At the top of the TZ, however, there is no evidence of569
a low velocity (i.e., high temperature) anomaly to explain the depressed 410. In the EA570
model, the interpreted temperature anomaly can be slightly reduced when considering571
compositional differences. A deep 410 jump as observed here could be explained by a572
purely harzburgitic model with a potential temperature of 1685±10 K (Fig. 10 a). The573
strongest observation, however, is that an olivine phase transition in pure harzburgite574
predicts the relatively large shear wave velocity jump of 10% observed here (both in EA575
Fig. 10 c and in MM Fig. S7 c).576
Both the velocity jumps observed at the 410 and 660 (Fig. 10 c and f, respectively)577
are larger than the velocity jumps in either prem or ak135 (Dziewonski & Anderson, 1981;578
Kennett, 1991). Regional seismic studies also find a large variability of the velocity jumps579
at TZ depth. Shearer (2000) compiled data for transition zone velocity models from dif-580
ferent regional studies, mostly from continental regions, showing generally larger vP and581
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vS jumps at 410 km than those in prem and ak135 models, and slightly lower values at582
660 km. Cammarano et al. (2005) tested the compatibility of a constant pyrolite com-583
position for the mantle (including the effects of phase changes) directly against the seis-584
mic data commonly used in the 1-D global seismic reference models. The resulting mod-585
els fit the seismic data (P- and S-wave travel times and fundamental spheroidal and toroidal586
modes) as satisfactorily as prem or ak135. However, compared to prem or ak135, the re-587
sulting seismic profiles in Cammarano et al. (2005) have larger jumps near 410 km, lower588
jumps around 660 km, and stronger gradients directly below, consistent with more gar-589
netitic mineralogy in the TZ.590
Our estimate of the 410’s velocity jump indicates a pure harzburgite composition591
(vertical dashed line in Fig. 10 c and Fig. S7 c). Large velocity jumps at the 410 dis-592
continuity are also a signature of a dry composition (Buchen et al., 2018). For the 660593
discontinuity, our estimation for a single large velocity jump does not fit with any of the594
compositional models considered. As mentioned above, the values in Fig. 10 were ob-595
tained considering the steepest vS gradient in the velocity profiles for an EA model (com-596
posed of harzburgite and different proportions of basalt), while the velocity jump esti-597
mated from the data might include a more complex and broader gradient (probably com-598
posed of a sharp gradient followed by a broader one and both of similar magnitude, as599
explored in 4.7.2).600
A complex 660 can result by the presence of the olivine and garnet phase transi-601
tions predicted around this depth. We only consider MM and EA models with basalt602
proportions showing similar olivine-related and garnet-related vS gradients for poten-603
tial temperature of 1600 K. We obtain a shear wave velocity jump of 9.5%-10% in a depth604
interval of ∼53 km at the bottom of the TZ for an EA with 18%-25% of basalt. For the605
MM model, we obtain 9.1%-9.5% in a depth interval of ∼75 km for 30%-40% of basalt.606
None of these models explain the 13% velocity jump that we estimate with our dataset.607
If the velocity jumps we estimate from the stacking of the whole dataset are overesti-608
mated, a better parameter to infer the composition of the mantle is to compare the ra-609
tio of the estimated velocity jumps (rE = ∆v410/∆v660 = 0.79±0.02) against differ-610
ent mantle compositions. Again, we only consider MM and EA models with basalt pro-611
portions showing similar olivine-related and garnet-related vS(660) gradients for poten-612
tial temperature of 1600 K. We find that the estimated ratio is consistent with the EA613
model with 18%-20% of basalt proportion (rEA18% = 0.75, rEA20% = 0.76) and the614
MM model with 30% of basalt (rMM30% = 0.75). Other basalt proportions result615
in smaller or larger values of rEA and rMM : rEA10% = 1.5, rEA30% = 0.57, rMM20% =616
0.92, rMM40% = 0.51617
From the amplitude analysis, we conclude that in the study area the 410 and 660618
can be explained with a mantle with 18-30% of basalt at TZ depths.619
5.3 Is the P590s a Sidelobe?620
We observe a precursory signal to P660s, with the slowness of a converted phase621
and a predicted velocity gradient which corresponds to a decrease in shear-wave veloc-622
ity of (8.8±0.2)% , at a depth of about 590 km. Synthetic receiver functions based on623
commonly used 1-D reference models also show a negative amplitude signal before P660s624
that has been attributed to the coherent stacking of sidelobes (e.g. fig. 6 and 7 in An-625
drews and Deuss, 2008).626
This negative signal in our synthetic RFs is shown in Fig. S8 (see Text S4). The627
signal that we identify as negative lobe (marked with an arrow in Fig. S8) shows some628
of the characteristics that might be attributed to a sidelobe. A summary of the synthetic629
stacks in Table S1 shows frequency dependent behavior to the synthetic negative side-630
lobe to the P660s phase: with increasing frequency, the negative lobe moves to larger631
relative time values and the P660s moves to smaller relative time values, decreasing the632
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overall differential travel time. A similar variability is observed in the real data across633
the lower frequencies f2 = 0.08, 0.12 Hz (Table 2). For larger frequencies, however, the634
signal that we identify as P590s is clearly separated from P660s, and thus, it is unlikely635
to be a sidelobe (see Fig. 5).636
The synthetics consistently show sidelobes for the main P phase and the P410s,637
in the lower frequency band, with absolute amplitudes of 30% of their related phase, and638
of 60% for the one related to the P660s. For the real data, the precursory signal is only639
present before the P660s and therefore less likely an artefact of the processing. Addi-640
tionally the absolute amplitude of P590s is 85% of the amplitude of P660s (in the lower641
frequency band). We believe that the negative amplitude precursory signal contains in-642
formation about the velocity structure of the transition zone near the 660 and that its643
interpretation does not necessarily requires a strong low velocity layer atop the 660. It644
is possible that the conversion at the 660 is causing a phase shift or some asymmetry in645
the waveform, and this is causing the negative lobe at lower frequencies. Therefore, we646
cannot exclude the possibility that, at lower frequencies, the P590s signal that we de-647
tect in the real dataset could be merged with a negative lobe that does not require a low648
velocity atop the 660. As mentioned above, at frequencies higher than 0.2 Hz, the neg-649
ative signal that we identify as P590s is clearly not a sidelobe.650
As a consequence of this analysis, we conclude that the amplitude of the P590s at651
lower frequencies is probably overestimated, implying that the related velocity drop is652
likely smaller than 8.8% (the value estimated in 4.7.1).653
5.4 Nature of the Negative Precursory Signal to P660s654
The negative precursory signal to P660s is also detected in other tectonic settings,655
with amplitudes corresponding to shear-wave velocity contrasts of −2% to −9% (Eagar656
et al., 2010; Shen & Blum, 2003; Shen et al., 2008; Tauzin et al., 2013; Bonatto et al.,657
2015; Tauzin et al., 2017). It has been suggested that this negative signal is the seismic658
signature of a global feature resulting from the accumulation of oceanic crust (MORB)659
at the base of the TZ (Shen & Blum, 2003; Shen et al., 2008).660
At a depth of 600-700 km, the density of MORB is smaller than that of harzbur-661
gite (or a pyrolytic mantle) (Ringwood, 1982; Nakagawa et al., 2010), namely, a density662
crossover occurs –caused by different depths of the post-spinel and post-garnet transi-663
tions. Under the assumption of a small excess of basalt in the lower mantle, global-scale664
geodynamic simulations show that the density crossover in the transition zone is respon-665
sible for the trapping of basalt in the lower TZ (Ballmer et al., 2015; Nakagawa et al.,666
2010). The trapped basalt does not peel directly off slabs as they sink through the tran-667
sition zone, but rather it is basalt that has separated from the slab at the CMB, and later668
been entrained in mantle flow (Nakagawa et al., 2010). The basalt layer in the TZ pre-669
dicted by simulations (e.g. fig. 4 Ballmer et al. (2015)) might explain slab stagnation670
between depths of 650 km and 1000 km. Since the presence of basalt reduces seismic ve-671
locities at TZ depth (Xu et al., 2008), we would expect a decrease of velocity at the top672
of this basalt-enhanced layer and an increase at its base. The velocity contrast between673
pyrolite and basalt at a depth of 590 km is -3.3% (and between a MM mantle with 30-674
40% basalt and pure basalt is -2.8/-2.4%), which is a fraction of the velocity drop of 8.8%675
we estimate at 590 km. As discussed in 5.3, the estimated amplitude of P590s at f2 =676
0.8 Hz is probably overestimated, and thus, the velocity jump as well. If the P590s is677
the evidence of a change in bulk chemistry, then we would expect it to be a sharp ve-678
locity gradient. Therefore, the amplitude of P590s at higher frequencies would still be679
representative of the velocity jump. Using the amplitude of P590s at f2 = 0.2 Hz, P590s/P=(-680
3.2±0.2)%, we estimate a shear-wave velocity jump of ∆vs =(-3.9±0.3)%.681
As already mentioned, a possible scenario that would explain signal P590s is basalt682
entrained in mantle flow and accumulated over time at the lower TZ. It might seem that683
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Figure 11. Schematic summary of results and interpretation. Observed discontinuity jumps
and widths are shown compared to PREM discontinuity jumps. The column on the right repre-
sents the interpreted composition of the transition zone.
there is a lack of coherence between the absence of low velocity anomalies at TZ depths684
in the global tomographic images and the presence of a low velocity heterogeneity (MORB685
like composition) that would explain the negative amplitude signal identified as P590s.686
However, at TZ depth, the resolution of tomography is likely too low to detect a thin687
compositional heterogeneity, although potential evidence for a signal of compositional688
layering around the 660 has been interpreted in a long-wavelength tomographic model689
beneath the Samoan hotspot (Maguire et al., 2017).690
Alternatively, we know from tomography that there is likely a horizontal slab stag-691
nating at transition zone depths probably further East (e.g., Fukao & Obayashi, 2013).692
If the P590s phase represents the subducted oceanic crust of the stagnant slab could be693
explored through more detailed modelling including a thermal model of the slab. How-694
ever, this analysis is beyond the scope of this paper.695
6 Conclusions696
Our analysis shows that beneath the Chile-Argentina flat-subduction the transi-697
tion zone is characterized by (See Fig. 11 for schematic summary):698
1) a relatively sharp 410 discontinuity, deeper than reference by (10±1)km and699
(18±2)km in the higher and lower frequency bands, respectively (or by (7±1)km700
and (15±2)km, depending on the velocity model used to compute time cor-701
rections), and consistent with a 10% shear-wave velocity jump of less than 20 km ra-702
dial thickness;703
2) a broad 660 discontinuity, deeper by up to (18±2) (or (15±1)km, depend-704
ing on the velocity model used to compute time corrections) for lower frequen-705
cies and close to reference depth for higher frequencies, and consistent with a 13% shear-706
wave velocity gradient, likely composite of a velocity jump and broad gradient across 30-707
40 km, of similar magnitudes;708
3) the presence of a negative amplitude precursory signal to P660s (named P590s),709
with absolute amplitude comparable to that of the P660s phase.710
Even though depth-variability of the 660 hampers the determination of a represen-711
tative value for the TZT in this area, taking average depths of the 410 and 660 discon-712
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tinuities from intermediate frequency bands of (423±1)km and (668±2)km, respectively,713
the TZT results (245±2)km thick, which is slightly thinner than the 250 km reference714
value in ak135. The seismic velocity structure of the upper mantle in the region suggests715
that the hypothesis of a purely thermal origin for the depressed 410 is unlikely. A bet-716
ter understanding on this could be provided by a higher resolution velocity model of the717
study area.718
If we trust the absolute amplitudes of P410s and P660s, we could interpret a purely719
harzburgitic composition atop the TZ in the study area. The absolute amplitude of the720
observed P660s cannot be entirely explained with the compositional models explored.721
However, when interpreting the amplitude ratio between the 660 and 410, a near pyrolitic722
composition fits best. This interpretation is shown in Fig. 11. The combination of the723
velocity gradients due to the phase transitions in the olivine and garnet components of724
the pyrolitic mantle would explain the broad 660 and the large velocity jump estimated.725
The negative P590s signal in this region could be signal from the velocity reduction due726
to basalt accumulation at the base of the transition zone.727
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